(Co)variance components for stillbirth in US Holsteins were estimated under a sire-maternal grandsire threshold model using subsets of data from the national calving ease database, which includes over 6 million calving records with associated stillbirth scores. Stillbirth was coded as a binomial trait indicating whether the calf was alive 48 h postpartum. Records were selected for calves whose sire and maternal grandsire (MGS) were among the 2,600 most frequently appearing bulls (2,578 sires and 2,586 MGS). Herd-years were required to contain at least 20 records and only single births were used. After editing, the data set included 2,083,979 calving records from 5,765 herds and 33,304 herd-years. Six sample datasets of approximately 250,000 records each were created by randomly selecting herd codes. Quasi-REML and Bayesian approaches were used to estimate (co)variance components from each sample. The model included fixed yearseason, parity-sex, birth year group of sire, and birth year group of MGS effects and random herd-year, sire, MGS, and residual effects. Quasi-REML and Bayesian analyses produced similar results, although the Bayesian estimates were slightly larger. Marginal posterior means (and standard deviations) from the Bayesian analysis averaged 0.0085 (0.0015), 0.0181 (0.0020), 0.0872 (0.0538), and 0.00410 (0.0001) for sire, MGS, and herd-year variances and the sire-MGS covariance, respectively. Mean direct and maternal heritabilities were 0.030 (0.003) and 0.058 (0.005), respectively, and the mean genetic correlation between the 2 effects was −0.02 (0.16). A calving ability index combining stillbirth (SB) and calving ease (CE) was developed for inclusion in the Lifetime Net Merit index. The index was calculated as −4(sire CE)−3(daughter CE)−4(sire SB) −8(daughter SB).
INTRODUCTION
Genetic evaluations for calving ease (CE) have been computed in the United States since 1977 (Berger, 1994; Van Tassell et al., 2003) , but evaluations are not provided for other calving traits, such as stillbirth (SB). A national evaluation for SB using a sire-maternal grandsire (S-MGS) model was implemented in August 2006 (Cole et al., 2007) , and required (co)variance component estimates for the random sire and maternal grandsire (MGS) effects, as well as the covariance between them. Economic values for CE and SB were combined and included in the Lifetime Net Merit (NM$) index Multi-State Project S-1008, 2006) .
Lifetime Net Merit is a lifetime profit function combining yield, fertility, health, conformation, and longevity. VanRaden (2004) presented a review of the evolution of NM$ over time as well a comparison of NM$ with total merit indices used in other countries. Weights on calving traits ranged from 4 to 12%, with the Netherlands and Sweden placing the most emphasis on calving traits and Germany and the United States the least. Germany, the Netherlands, Norway, Sweden, and Switzerland currently include calving traits in their national indices (Interbull, 2006) .
Stillborn calves, those born dead or dying within 48 h of birth, are of increasing concern to US dairy producers. Meyer et al. (2001a) found that the stillbirth rate increased from 9.5% in 1985 to 13.2% in 1996, costing producers $125.3 million per year. Philipsson (1996) reported that about half of all stillborn calves are born without difficulty, emphasizing the desirability of separate evaluations for dystocia and stillbirth.
Trait definitions vary slightly between countries, with most defining stillbirths as those calves born dead or dying within 24 h of parturition (Philipsson et al., 1979) , although Germany, Israel, and the United States include deaths within 48 h of birth (Weller et al., 1988; Berger et al., 1998; Interbull, 2004) . Breed differences play a role in perinatal mortality (Philipsson, 1976; Thompson et al., 1981) , and Rossoni et al. (2005) reported that 10% of Italian Brown Swiss calves did not suckle by the third meal offered postpartum, contributing to increased postnatal mortality. Incidence rates and heritabilities were similar when comparing parities across countries despite differences in trait definition, with the exception of Sweden (Steinbock et al., 2003) .
The purpose of this research was to estimate current genetic parameters for an S-MGS model to use in the US national genetic evaluation of SB based on US data (Cole et al., 2007) and to develop a calving ability index (CA$) for inclusion in NM$.
MATERIALS AND METHODS

Genetic Parameters for Stillbirth
Data. The US national CE database includes over 6 million calving records with associated SB scores for Holstein cows calving since 1980. Stillbirths are reported on a 3-point scale, with 1, 2, and 3 representing calves born alive, calves born dead, and calves that died within 48 h of birth, respectively. Scores of 2 and 3 were combined for evaluation. Herds were required to have at least 10 calving records with an SB score of 2 or 3 in the database. Herd-years had to include at least 20 records and only single births were used.
Datasets small enough to be computationally manageable with large contemporary groups were formed for (co)variance components estimation. Records of calvings with unknown MGS were eliminated, and records with sire and MGS among the 2,600 most frequently appearing bulls (2,578 distinct sires and 2,586 distinct MGS) were selected , which favors large herds that use many popular sires. The pedigree file contained 2,994 animals, which included 394 bulls that were not sires or MGS but appeared in the pedigrees of the 2,600 most frequently appearing bulls. Cows were allowed to have more than one calving event in the data, but the inclusion of all records for a cow was not guaranteed. After editing, the data set included 2,083,979 calving records from 5,765 herds and 34,190 herd-years. Six sample datasets of approximately 250,000 records each were created by randomly selecting herd codes without replacement, and records were distinct across datasets. Sample datasets ranged from 239,192 to 286,794 observations, and all averaged 7% stillbirths.
Model
The S-MGS threshold model used for parameter estimation was the same as used for the routine national genetic evaluation for SB (Cole et al., 2007) : where y = unknown liability to SB, HY = random herdyear effect, YS = fixed year-season effect, PS = fixed parity-sex effect, Y s = fixed sire birth year effect, Y m = fixed MGS birth year effect, s = random sire effect, m = random MGS effect, and e = random residual effect. The residual variance (σ 2 e ) was assigned a value of 1. Parities were first, second, and third and later. Yearseason groups began in October and May. Relationships among bulls were ignored for both sire and MGS effects. For widely used sires, relationships would add little to accuracy of the evaluations; however, ignoring paternal half-sib relationships could result in underestimation of genetic variances. (Co)variance components were estimated from the 6 samples of the full data set using quasi-REML (Hoeschele et al., 1995) and Bayesian (Sorensen et al., 1995) procedures as implemented in the CBLUP90REML and THRGIBBS1F90 computer programs (Misztal et al., 2002; Tsuruta and Misztal, 2006) .
In the Bayesian analysis, prior distributions were flat for the fixed effects and normal for the sire, MGS, and herd-year effects. Quasi-REML (co)variance components were used as starting values for the Bayesian analysis. One Gibbs chain of 30,000 samples was drawn and the first 10,000 samples were discarded as burnin, and then every sixth sample from the remaining 20,000 samples was included in the summary. Given that only a single threshold was used, and that no trend was observed in plots of the Gibbs samples for each of the random effects, a longer burn-in period was not needed. Heritabilities and correlations were calculated using the posterior means from each of the 6 samples and averaged.
A random herd-year effect was used to avoid the extreme category problem in which all records in a fixed group belong to the same category (Harville and Mee, 1984; Misztal et al., 1989; Luo et al., 2001 ). This strategy has been successfully used in the US calving ease system for almost 20 yr (Berger, 1994; . Across the 6 sample datasets, 93% of the records had an SB score of 1. Of the 34,190 herd-years in the data set, 2,785 (8%) contained records with only scores of 1.
The numbers of levels of effects in the sample datasets are shown in Table 1 . Bulls were included in the model as both sires and MGS, even if they had no daughter or granddaughter records in the data, to estimate the correlation between the sire and MGS effects. The sire birth year effect had more levels than MGS birth year because recently born sires were not yet MGS. Birth year effects were included in the model to account for change over time and differences between records with and without MGS. Solutions for sire variance (σ 2 s ), MGS variance (σ 2 mgs ), and the sire-MGS covariance (σ s,mgs ) were converted to direct (D) and maternal (M) effects to facilitate comparison of results with literature estimates using derivations from Willham (1972) : The genetic correlation between D and M was calculated as:
The expectation of the phenotypic variance was:
Using this phenotypic variance, the direct and maternal heritabilities were calculated as:
The covariance term σ s,mgs was not included in the calculation of σ 2 P because it was assumed that sire and MGS were unrelated, and that sire-daughter matings were rare. Only the genetic and residual (co)variances were used when calculating heritabilities; herd-year variances were not used so that results are more comparable with those from models with fixed contemporary groups. 
Calving Ability Index
The resulting SB (co)variance components, as well as CE (co)variance components estimated by , were used to derive a sire selection index for calving performance. Genetic correlations between CE and SB were estimated as product-moment correlations between sire PTA for bulls with calving trait reliabilities of at least 90% (n = 571). The aggregate genotype for CA$ included 4 traits: service sire and MGS CE and SB. Calculation requires subtracting trait means, multiplying by economic values, and reversing sign to obtain net benefit instead of net cost. Expected annual genetic progress for each trait was obtained as the correlation of the trait with CA$ multiplied by the SD of the trait PTA multiplied by 0.125, which is the yearly trend in SD of CA$.
Proposed US weights for Holsteins were derived as follows. Value of 2-d-old calves was assumed to be $150 for bulls and $450 for heifers compared with $100 for bulls and $150 for heifers in 2003 NM$ (VanRaden and Seykora, 2003) . Some recent prices have been higher, but in the near future additional females may be produced for <$400 using sexed semen (Weigel, 2004) . Stillbirth evaluations are expressed as the percentage of calves that die as a difference from the base of 8%. Lifetime value of a 1% decrease in daughter SB (DSB) is 2.8 lactations multiplied by average calf value: 2.8($150 + $450)/2(100) = $8.40. For sire SB (SSB), this value must be halved because SSB measures the full effect of the service sire whereas DSB measures only half of the dam's effect.
The value of daughter CE (DCE) includes $75 per difficult birth (CE score 4 or 5) for farm labor and veterinary charges, and a 1.5% increased probability of cow death multiplied by $1,800. Those expenses are multiplied by 2 because scores 2 and 3 contribute additional smaller effects that occur more frequently. Difficulty in later parities is 0.3 as great, which results in a lifetime incidence of 1 + 0.3(1.8) = 1.5. Total value of DCE is [$70 + 0.015($1,800)] × 2(1.5)/100 = $2.91. Calv-ing ease costs are based primarily on research by Dematawewa and Berger (1997) .
The value of sire CE (SCE) also includes losses in the bull's mates of $100 for yield and $75 for fertility and longevity. Difficult births reduce 305-d milk yield by 317.51 kg and delay the bull's mates from becoming pregnant again by 20 d on average. Such losses are not charged to DCE because the bull's daughter evaluations for yield, fertility, and longevity already account for them. The value of SCE must be halved, as with SSB. Total value of SCE is [$50 + 0.015($1,800) + $100 + $75] × 2(1.5)/2(100) = $3.78. For calculation of CA$, values were rounded to $4 for SCE, $3 for DCE, $4 for SSB, and $8 for DSB.
The economic value used in NM$ is a weighted average of losses for cows and heifers. Thus, when ranking sires for heifer use, another $4 should be subtracted from NM$ for each percentage of SCE, and $2 for each percentage of SCE should be added back to NM$ when ranking service sires for cows. These minor adjustments for the differing economic values in heifer vs. cow matings can be handled with computerized mating programs. Double-counting of costs associated with CE because it is not removed from SB is avoided by assigning only costs associated with dead calves to SB; CE expenses include veterinary and labor costs, as well as lost income, but do not include the value of dead calves.
RESULTS AND DISCUSSION
Modeling of First and Later Parities
Recent studies (Steinbock et al., 2003; Philipsson et al., 2006) suggest that SB in first and later parities are different traits and should be analyzed separately using a multiple-trait model. A single-trait approach was adopted over a multiple-trait approach because the US evaluation for SB (Cole et al., 2007) is an extension of the single-trait CE evaluation used since 2003 . The United States also participates in Interbull evaluations for both CE and SB, which do not distinguish between first and later parities in the analyses. Of the 6 countries participating in the Interbull SB evaluation for Holsteins, only the US uses a threshold model (Interbull, 2006) .
Although desirable, implementation of a multipletrait threshold model for CE and SB is a formidable challenge given the size of the US data set, and the advantage of using a multiple-trait model may be greater than that of a threshold model. Canada has developed a multiple-trait linear model for the evaluation of female fertility traits including CE and SB (Jamrozik et al., 2005) rather than using threshold models for the calving traits. This approach appears promising 
Genetic Parameters for Stillbirth
(Co)variance components from the quasi-REML and Bayesian analyses are presented in Tables 2 and 3 , respectively. Those (co)variance components were used to calculate heritability for, and correlations between, direct, maternal, and MGS effects (Table 4) .
Direct heritabilities ranged from 0.026 to 0.034 under the Bayesian analysis, and 0.024 to 0.031 in the quasi-REML analysis. Maternal heritabilities were higher in both cases, ranging from 0.052 to 0.065 under the Bayesian analysis and 0.046 to 0.057 under quasi-REML. Gevrekçi et al. (2006) reported similar results from a Bayesian analysis of a subset of data from the US national CE database. These results are also similar to those of Luo et al. (1999) , who reported direct and maternal heritabilities of 0.03 and 0.06, respectively, for SB in Canadian Holsteins. Jamrozik et al. (2005) reported direct and maternal heritabilities of 0.016 and 0.035 for first parity, and 0.012 and 0.017 for later parities using a multiple-trait linear model. Steinbock et al. (2003) obtained direct and maternal heritabilities of 0.12 and 0.08 using first-parity Swedish Holstein data. Hansen et al. (2004) reported direct and maternal heritabilities of 0.10 and 0.12, respectively, but their data also included only first-parity cows. The heritabilities calculated in this study are intermediate to those reported for first vs. later parities using threshold models (Steinbock et al., 2003; Hansen et al., 2004) , but are larger than those calculated from a subset of the current data using a linear model (Meyer et al., 2001b) . This is consistent with expectations, because linear model heritabilities are generally consistent with threshold model estimates when converted from the observed to the underlying scale. The current evaluation could be enhanced in the future by modeling sire and MGS effects in first and later parities separately (Wiggans et al., 2006) . Estimated genetic correlations between direct and maternal effects in Table 4 had means near zero, with estimates ranging from −0.28 to 0.17, whereas the sire-MGS correlations averaged 0.33 and were positive in all cases. A positive correlation was expected a priori because a portion of the direct effect is included in both the sire (1/4) and MGS (1/16) effects. The results in Tables 2 and 3 show that the ratio of σ s,mgs to σ 2 s was close to 2:1 for all samples, resulting in a σ D,M that was near zero. The correlation between the sire and MGS effects is driven largely by the shared direct effect; the magnitude of the sire effect was much smaller for SB than for CE , resulting in a smaller correlation between effects for the former. These results are similar to those of Hansen et al. (2004) , who reported a marginal posterior mean directmaternal correlation of 0.06. Steinbock et al. (2003) and Luo et al. (1999) reported correlations of −0.11 and −0.24, respectively, for direct and maternal effects for first-parity cows. Jamrozik et al. (2005) assumed that correlations between direct and maternal effects were zero for computational limitations. Lower correlations are expected when data from all parities are analyzed together because the genetic correlation between first and later parities is <1 (Steinbock et al., 2003) . (Co)variance component estimates were similar between the 2 estimation procedures, although the Bayesian estimates were consistently higher than the quasi-REML estimates. This may be due to the fact that the REML estimates are equivalent to posterior modes assuming flat priors (Gianola and Fernando, 1986 ) rather than posterior means; when the distribution of samples is right-skewed, the posterior mean is larger than the posterior mode. These estimates were larger than those from Meyer et al. (2001b) , but the difference is probably attributable to the use of a threshold model rather than a linear model on binary responses. Hansen et al. (2004) obtained much higher (co)variance components estimates using Danish data, but their study included only first-parity Holsteins.
Calving Ability Index
Means and standard deviations of true transmitting abilities, heritabilities, and economic values of SCE, DCE, SSB, and DSB are shown in Table 5 . Correlations among service sire and maternal PTA for SB and CE are presented in Table 6 . Stillbirth effects had larger SD than estimated by Meyer et al. (2001b) because in that study effects of CE and gestation length were removed. The index was calculated as: The heritability of maternal stillbirth is that of the maternal grandsire effect which is included in the national genetic evaluation model, not that of the pure maternal effect. Thus, SB evaluations can provide additional value beyond that of CE. A preliminary study (Berger et al., 1998) reported less benefit because only service sire effects were examined. Correlations of calving traits to CA$, and expected annual change in PTA, are presented in Table 5 .
For Brown Swiss, economic values were −6 for SCE and −8 for DCE because separate SB evaluations were not available and CE values included the correlated response in SB. Breeds without CE or SB evaluations will be assigned a CA$ of 0. Standard deviations of true transmitting abilities were 1.7 for SCE, 1.4 for DCE, 1.0 for SSB, and 1.7 for DSB with corresponding relative emphasis of 25, 15, 15, and 45% in CA$. The SD of the index was $20 and the relative emphasis on calving traits in NM$ increased to 6%.
Relative weights for CE and SB in calving ability indices of Interbull participants are shown in Table 7 . Daughter calving ease is the only calving trait currently included in TPI. The comparatively high weight on DSB in CA$ is attributable to modeling differences and its large genetic standard deviation relative to other countries. Weights on maternal effects would be larger for countries using animal models if half of the direct effect was included as in S-MGS models. Denmark publishes a birth index including the 2 paternal traits and a calving index including the 2 maternal traits, but includes only CE as 6% of total merit. Relative weights are those currently used, with the exception of the proposed Swiss index of Egger-Danner et al. (1999) .
The CA$ index is a component of NM$, which measures additional lifetime profit that is expected to be transmitted to an average daughter, but does not include additional profit that will be expressed in granddaughters and more remote descendants. Sire SB effects are expressed earlier than DSB effects, which is not accounted for in CA$. Gene flow methods and discounting of future profits could provide a more complete summary of the total profit from all descendants, as well as account for the fact that incomes and expenses are incurred across the lifetime of a cow, not at a single point in time (McClintock and Cunningham, 1974; Wolfová and Nitter, 2004) .
CONCLUSIONS
(Co)variance estimates from this study were used in the implementation of a sire-MGS model for SB for United States Holsteins. The sire-MGS model provides evaluations that include both direct (sire) and maternal SB effects and adjusts sire effects for differences in the maternal SB ability of their mates. Heritability estimates were similar to, but slightly lower, than previous literature estimates. The genetic correlation between direct and maternal effects was much smaller than previous reports. The low genetic correlations between CE and SB indicate that SB evaluations can provide additional value beyond that of CE.
Selection on NM$ including CA$ with 6% of emphasis could reduce PTA for SSB and DSB by 0.8 and 1.1 SD, respectively, per decade. This would reduce the mean PTA for SSB to 7.2% and for DSB to 6.2% compared with the current base of 8%. Selection of bulls based on NM$ will result in lower, but still desirable, rates of gain. Lifetime profitability per cow will improve by $2.50 per year from the contribution of CA$ to NM$. Mating programs can avoid some losses by assigning bulls with low and high PTA for sire calving traits to heifers and cows, respectively, but direct selection will provide permanent gains. 
